The function of the spine apparatus in dendritic spines and the cisternal organelles in axon initial segments is little understood. The actin-associated protein, synaptopodin, is essential for the formation of these organelles which are absent in synaptopodin 2/2 mice. Here, we used synaptopodin 2/2 mice to explore the role of the spine apparatus and the cisternal organelle in synaptic plasticity and local circuit excitability in response to activation of the perforant path input to the dentate gyrus in vivo. We found impaired long-term potentiation following theta-burst stimulation, whereas tetanus-evoked LTP was unaffected. Furthermore, paired-pulse inhibition of the population spike was reduced and granule cell excitability was enhanced in mutants, hence revealing an impairment of local network inhibition. In summary, our data represent the first electrophysiological evidence that the lack of the spine apparatus and the cisternal organelle leads to a defect in longterm synaptic plasticity and alterations in local circuit control of granule cell excitability under adult in vivo conditions. V
INTRODUCTION
Synaptopodin is a founding member of a novel class of proline-rich actin-associated proteins (Mundel et al., 1997; Asanuma et al., 2005 Asanuma et al., , 2006 . Synaptopodin is closely associated with spine apparatuses in telencephalic neurons. The spine apparatus is a distinct organelle composed of stacks of smooth endoplasmic reticulum interdigitated by electron dense plates (Gray, 1959; Fifkova et al., 1983; Spacek, 1985; Deller et al., 2000a Deller et al., ,b, 2003 . Spines are primary sites of synaptic plasticity forming biochemical microcompartments (Segal, 2005) . As a putative calcium store, the spine apparatus is thought to regulate local calcium kinetics (Andrews et al., 1988) . In addition, the spine apparatus could play a role in dendritic protein synthesis (Steward and Schuman, 2001 ).
Induction of long-term potentiation (LTP) leads to an increase of synaptopodin in the dentate gyrus (DG), suggesting a possible role in synaptic plasticity (Yamazaki et al., 2001; Fukazawa et al., 2003) . In mice homozygous for a targeted deletion of synaptopodin (synaptopodin 2/2 mice), the spine apparatus is completely absent (Deller et al., 2003) . Consistently, synaptopodin-deficient mice, showed LTP deficits at hippocampal Schaffer collateral synapses in vitro, and impaired spatial learning in the radial arm maze (Deller et al., 2003) . Synaptopodin regulates the activity of aactinin, a molecule that cross-links and bundles actin filaments (Kremerskothen et al., 2005; Asanuma et al., 2005 Asanuma et al., , 2006 . Activity-dependent changes in the actin cytoskeleton play a crucial role in LTP maintenance and remodelling of dendritic spines (Fukazawa et al., 2003; Matsuzaki et al., 2004; Ouyang et al., 2005; Bramham and Wells, 2007; Chen et al., 2007; Messaoudi et al., 2007) . Thus, the lack of synaptopodin and spine apparatuses might impair plasticity-related mechanisms (Jedlicka et al., 2008) .
Intriguingly, synaptopodin is also associated with the cisternal organelle (Bas . The cisternal organelle is located within axon initial segments of cortical principal neurons and is structurally similar to the spine apparatus (Palay et al., 1968; Benedeczky et al., 1994) . Both organelles belong to the continuous endoplasmic reticulum network that regulates calcium signaling (Berridge, 1998) . Of interest, synaptopodin-deficient mice completely lack cisternal organelles (Bas . The axon initial segment is a critical region for the generation of action potentials and receives dense GABAergic input from axo-axonic interneurons (Somogyi et al., 1983; Howard et al., 2005) . It has been suggested that calcium and cisternal organelles may regulate GABA A receptors in the axon initial segment (see also Llano et al., 1991; Benedeczky et al., 1994) . Thus, the lack of cisternal organelles in synaptopodin-deficient mice might lead to functional changes of the excitation/inhibition balance in cortical networks.
A high expression of synaptopodin was observed in the molecular layer of the DG, particularly in its dor-sal part (Bas Orth et al., 2005; Vlachos et al., 2008) . It is not known whether the absence of synaptopodin, spine apparatuses and cisternal organelles affects synaptic plasticity and possibly other network properties in the intact dentate network. Therefore, we studied LTP, short-term plasticity and network excitability in anesthetized synaptopodin 2/2 mice. Our data indicate that the lack of the spine apparatus and the cisternal organelle leads to impairment of LTP and local network inhibition in vivo.
METHODS

Immunofluorescence Labeling
Adult male Thy1-GFP transgenic mice (Feng et al., 2000; 4-month old) housed under standard laboratory conditions were used. Mice were deeply anesthetized with an overdose of pentobarbital (300 mg/kg body weight) and transcardially perfused with 0.9% NaCl followed by fixative containing 4% paraformaldehyde. Brains were removed and postfixed for 4 h in 4% paraformaldehyde. Serial frontal sections (50 lm) were cut with a vibratome (VT1000S, Leica, Bensheim, Germany). Immunolabeling was performed as described (Bas Orth et al., 2005) . Briefly, free floating sections were blocked in Tris buffered saline containing 5% normal goat serum and 0.5% Triton X-100 and subsequently incubated over night at room temperature with a polyclonal rabbit antisynaptopodin antibody (Synaptic Systems, Cat.no. 163 002; 1:1,000). After washing, sections were incubated for 2 h with Alexa 568-labeled goat antirabbit secondary antibody (Molecular Probes, Eugene, OR; 1:1,000). After mounting with antifading medium (DAKO Fluorescent Mounting Medium; Dako, Hamburg, Germany), sections were viewed with a Zeiss LSM510 confocal microscope. Selected granule cells were three-dimensionally reconstructed using Imaris software (Bitplane, Switzerland).
Surgery and Placement of Electrodes
Experiments were performed in accordance with German laws governing the use of laboratory animals. Adult male synaptopodin-deficient mice (3-month old) and their wild-type littermates (derived from heterozygous breeding pairs) were anesthetized with an intraperitoneal injection of urethane (Sigma, 1.2 g/kg body weight; supplemental doses of 0.2-0.8 g/kg as needed). There were no significant differences with respect to the weight and anesthesia level between wild-types and their littermate controls. All recordings were made blind to the genotype. Temperature of mice was monitored constantly through a rectal probe and kept at 378C using a heating pad. Animals were positioned in a stereotaxic apparatus for the insertion of electrodes. The stereotaxic coordinates of electrodes were chosen using a mouse brain atlas (Franklin and Paxinos, 1997) , and on the basis of previous studies of perforant path stimulation in the mouse in vivo (Namgung et al., 1995; Kienzler et al., 2006) . For local anesthesia, procainhydrochloride (1%, Aventis, Germany) was injected s.c. in the area surrounding the incision prior to surgery. Holes were drilled in the skull and a bipolar stimulation electrode (NE-200, 0.5-mm tip separation, Rhodes Medical Instruments, Wood hills, CA) was positioned in the angular bundle of the perforant path (2.1 mm lateral and 3.8 mm posterior to the bregma, 1.8 mm from the brain surface). Tungsten recording electrodes (TM33A10KT, World Precision Instruments, Sarasota, FL) were placed in the granule cell layer of the DG (1 mm lateral and 1.7 mm posterior to the bregma, 1.8 mm from the brain surface).
Electrophysiological Recordings
Voltage pulses (6-20 V, 0.1 ms duration) were generated by a Grass S88 stimulator with a Grass stimulus isolation unit (Quincy, MA). For theta-burst stimulations (TBS) (see below), current pulses were generated by a stimulus generator STG1004 (Multichannel Systems, Reutlingen, Germany). Potentials were amplified by a Grass preamplifier and displayed on a computer. Evoked granule cell field excitatory postsynaptic potentials (fEPSPs) were acquired with a Digidata 1320A interface (sampling rate 10 kHz) and analyzed using pClamp 8.1 software (Molecular Devices, Union City, CA).
Test responses for LTP experiments were evoked by stimuli set at an intensity to provide a population spike of 0.5-1.5 mV. The responses were collected every 10 s for 20 min prior to LTP induction and the averages of 12 consecutive sweeps were used for measurements. LTP was induced using one of two stimulation paradigms: (1) Tetanus stimulation consisted of four trains of 15 pulses (0.1 ms width, 200 Hz, 20 V) with an intertrain interval of 10 s (Freudenthal et al., 2004) . (2) The TBS protocol comprised six series of six trains of six pulses at 400 Hz, 200 ms between trains, 20 s between series (Cooke et al., 2006) . Pulse width and stimulus intensity was doubled during the TBS in comparison to baseline recordings. For the analysis of the slope of fEPSPs, only the early component of the response was measured to avoid contamination by the population spike. A baseline fEPSP slope was calculated from the average of responses over the 10 min prior to the tetanus stimulation. The potentiation of the fEPSP slope was expressed as a percentage change relative to the baseline. Only mice that showed successful LTP induction (>20% change of the fEPSP slope) and provided a stable recording throughout the experiment were included in the analysis (tetanus: 5 of 9 1/1, 10 of 15 2/2; TBS: 11 of 14 1/1, 10 of 15 2/2). To assess paired-pulse facilitation (PPF) of the fEPSP amplitude, a double-pulse stimulation at intensities subthreshold for a population spike was applied (interpulse intervals 15-100 ms). To study paired-pulse inhibition (PPI) and disinhibition (PPDI) of the population spike, a strong double-pulse stimulation (leading to a maximum population spike) and a weak double-pulse stimulation (inducing a population spike of 0.5-1.5 mV) was used (interpulse intervals 15-150 ms). Five to 10 paired-pulse responses were collected at each interpulse interval and averaged. PPI/PPDI curves were fitted using a Boltzmann equation (Bampton et al., 1999) to obtain the mean interpulse interval at which an equal amplitude of the first and second population spike could be observed. Stimulus-response relationships were determined using a range of stimu-lation intensities from 0 to 20 V. Five to 10 responses were collected at each intensity and averaged. Again, data for each mouse were fitted using a Boltzmann equation from which maximal responses were determined.
Statistical Analysis
Differences between groups were statistically analyzed by an unpaired two-tailed Student's t-test (Cooke et al., 2006) . The equality of variance between groups was tested by Levene's test (P < 0.05). Significance of within-group changes produced by LTP-inducing stimulation was assessed by a paired two-tailed Student's t-test (Nosten-Bertrand et al., 1996) . All statistical analyses were done using SPSS for Windows.
RESULTS
Synaptopodin is Localized to Dendritic Spines and Axon Initial Segments of Individual Granule Cells
Our previous studies have shown that spine apparatuses and cisternal organelles are synaptopodin-positive being regular components of spines and axon initial segments of cortical principal cells (Deller et al., 2000a; Bas Orth et al., 2007) . To demonstrate that in the DG synaptopodin is present at the same time within both dendritic spines and the axon initial segment of individual granule cells, brain sections from Thy1-GFP transgenic mice (Feng et al., 2000; Bas Orth et al., 2005 were stained for synaptopodin (Fig. 1A ). Granule cells in these mice are strongly EGFP-positive, making it possible to localize synaptopodin in different portions of the cell. Threedimensional analysis of selected granule cells (Fig. 1B) revealed synaptopodin-immunoreactive puncta in spines ( Fig. 1C ) and axon initial segments (Fig. 1D) . We conclude that synaptopodin-labeled spine apparatuses and cisternal organelles are present in spines and axon initial segments of almost all granule cells, respectively.
Long-Term Potentiation at Perforant Path-Granule Cell Synapses
We examined LTP of fEPSP slopes at the perforant pathgranule cell synapse in the DG of adult, anesthetized synaptopodin-deficient mice and their wild-type littermates. LTP was induced by tetanus ( Fig. 2 ) and TBS protocols (Fig. 3) . Following the tetanus stimulation, both wild-type (n 5 5) and mutant mice (n 5 10) showed significant and similar potentiation of the fEPSP slope (0-10 min: 137.8 6 7.3% in 1/1 and 143.2 6 3.6% in 2/2 mice, P 5 0.47, t-test; 50-60 min: 116.4 6 5.6% in 1/1 and 119.6 6 2.6% in 2/2 mice, P 5 0.57, t-test; 170-180 min: 115.6 6 2.5% in 1/1 and 113.1 6 3.7% in 2/2 mice, P 5 0.67, t-test; Fig. 2A) . LTP of the population spike was also similar in the two genotypes (0-10 min: 2.4 6 0.3 mV in 1/1 and 2.8 6 0.3 mV in 2/2 mice, P 5 0.38, t-test; 50-60 min: 2.1 6 0.2 mV in 1/1 and 2.1 6 0.2 mV in 2/2 mice, P 5 0.98, t-test; 170-180 min: 2.1 6 0.3 mV in 1/1 and 2.1 6 0.2 mV in 2/2 mice, P 5 0.94, t-test; Fig. 2B ). Taken together, no significant differences were seen comparing wild-type to mutant mice for LTP induced by the tetanus stimulation.
Although tetanus-evoked LTP was intact in synaptopodin 2/2 mice, we considered that in vivo the function of the spine apparatus may be connected to the transduction of more physiologically patterned inputs such as TBS. As shown in Figure 3 , TBS-LTP was significantly impaired in synaptopodin-deficient mice relative to their wild-type littermates. After LTP induction, the initial increase in the fEPSP slope (0-10 min) was significantly lower in mutant (n 5 10, 139.2 6 4.4%) than wildtype mice (n 5 11, 159.5 6 4.9%, P 5 0.007, t-test; Fig.  3A) . One hour and 3 h after the LTP-inducing TBS, the LTP induced by tetanus stimulation at perforant path-granule cell synapses in the dentate gyrus of anesthetized synaptopodin-deficient mice. Group data (1/1 n 5 5, 2/2 n 5 10) for fEPSP recordings before and after tetanus application (4 trains, 15 pulses at 200 Hz, 0.1 Hz train rate). LTP profiles represent mean of the slope of field excitatory postsynaptic potentials (A) and population spike amplitudes (B). The potentiation of the fEPSP slope is expressed as a percentage change relative to the mean response in the 10 min prior to the tetanic stimulation (arrow). Sample responses collected before (gray) and 1 h after induction of LTP (black) are displayed in Insets. Inset diagrams show that after 10 min, 60 min and 3 h, LTP of the fEPSP slope and the population spike was not altered in mutants relative to 1/1 mice. Calibration: 1 mV, 2 ms. Error bars: standard error of mean (SEM). Impaired LTP induced by theta-burst stimulation (TBS) at perforant path-granule cell synapses in the dentate gyrus of anesthetized synaptopodin-deficient mice. Group data (1/1 n 5 11, 2/2 n 5 10) for fEPSP recordings before and after TBS application (6 series of 6 trains of 6 pulses at 400 Hz, 200 ms between trains, 20 s between series). LTP profiles represent mean of the slope of field excitatory postsynaptic potentials (A) and population spike amplitudes (B). The potentiation of the fEPSP slope is expressed as a percentage change relative to the mean response in the 10 min prior to the TBS (arrow). Sample responses collected before (gray) and 1 h after induction of LTP (black) are displayed in Insets. Inset diagrams show that after 10 min, 60 min and 3 h, there was less LTP of the fEPSP slope in the mutants relative to 1/1 littermates, whereas LTP of the population spike was not altered. *P < 0.05, **P < 0.01, ***P < 0.001. Calibration: 1 mV, 2 ms. Error bars: SEM.
potentiation of the fEPSP slope remained significant in both wild-type mice (50-60 min: 135.8 6 2.4%, P < 0.001 with respect to baseline, t-test; 170-180 min: 120.2 6 2.9%, P < 0.001 with respect to baseline, t-test) and their mutant littermates (50-60 min: 117 6 2.9%, P < 0.001 vs. baseline, t-test; 170-180 min: 108.7 6 3.4%, P 5 0.03 vs. baseline, t-test). However, there was significantly less LTP of the fEPSP slope in the mutants relative to wild-type mice (50-60 min: P < 0.001, t-test; 170-180 min: P 5 0.04, t-test). Immediately after the TBS-mediated LTP-induction, a similar potentiation in the population spike amplitude was observed in wild-type and synaptopodin-deficient mice ( Fig. 3B ; 0-10 min: 3.1 6 0.2 mV in 1/1 mice and 3.1 6 0.2 mV in 2/2 mice, P 5 0.91, t-test). Both wild-types and mutants exhibited a comparable decrease of the population spike amplitude within 180 min. One hour and 3 h after the induction of LTP, the magnitude of potentiation in the amplitude of the population spike was significantly increased in both wild-type (50-60 min: 2.8 6 0.2 mV, P < 0.001 with respect to baseline, t-test; 170-180 min: 2.5 6 0.2 mV, P < 0.001 with respect to baseline, t-test) and mutant animals (50-60 min: 2.8 6 0.2, P < 0.001 vs. baseline, t-test; 170-180 min: 2.7 6 0.3, P < 0.001 vs. baseline, t-test). In contrast to the fEPSP slope, there was no significant difference in TBS-induced LTP of the population spike in wild-type and synaptopodin 2/2 mice (50-60 min: P 5 0.84, t-test; 170-180 min: P 5 0.54, t-test). Taken together, the results demonstrate that synaptopodin is involved in the regulation of longterm synaptic plasticity induced by TBS in the DG.
Paired-Pulse Facilitation of the Field Excitatory Postsynaptic Potentials
To examine short-term presynaptic plasticity, we carried out tests of PPF of fEPSPs (Bampton et al., 1999; Jones et al., 2001; Stoenica et al., 2006) . Double-pulse stimulation at intensities subthreshold for a population spike resulted in facilitation of the second fEPSP amplitude. This facilitation is dependent on presynaptic mechanisms (Manabe et al., 1993) . Maximum facilitation of the second fEPSP was observed at a 15 ms interpulse interval for both synaptopodin-deficient (n 5 12) and wild-type littermates (n 5 18). No significant difference in PPF was seen comparing wild-type to mutant mice for any tested interpulse interval (Fig. 4, P > 0.05, t-test) . These results indicate that presynaptic function is not altered in perforant path-granule cell synapses of mutant mice.
Paired-Pulse Inhibition and Disinhibition of the Population Spike
In the DG, double-pulse stimulation at intensities suprathreshold for a population spike results in PPI of population spike amplitudes at short interpulse intervals and (facilitation, PPDI) of population spike amplitudes at longer intervals. PPI is a postsynaptic phenomenon that is mainly attributable to recurrent GABA-mediated inhibition of granule cells through local interneurons (e.g., basket cells, axo-axonic cells) in the dentate circuit (Tuff et al., 1983; Sloviter, 1991; Steffensen and Henriksen, 1991; Naylor and Wasterlain, 2005; Thomas et al., 2005) . GABAergic interneurons are either activated directly by Presynaptic short-term plasticity is normal in synaptopodin-deficient mice. Paired-pulse facilitation (PPF) of the fEPSP amplitude is a measure of presynaptic short-term plasticity. At subthreshold stimulation intensities, PPF has a similar magnitude in synaptopodin 2/2 (n 5 12) and 1/1 mice (n 5 18, P > 0.05). The percentages denote the ratio of the second fEPSP amplitude to the first fEPSP amplitude. PPF was tested for 15, 20, 40, 60, 80, and 100 ms interstimulus intervals. Sample responses show facilitation at 15 ms. Calibration: 0.5 mV, 10 ms. Error bars: SEM.
FIGURE 5.
Impaired paired-pulse inhibition of the population spike in synaptopodin-deficient mice. Supramaximal stimulation of the perforant path results in paired-pulse inhibition (observable at short interpulse intervals) and disinhibition of the population spike (at longer interpulse intervals). Mean data of the ratio between the amplitude of the second population spike and the amplitude of the first population spike (2/2 n 5 15, 1/1 n 5 25) at different interpulse intervals. Data were fitted using a Boltzmann equation. Note a significant (P < 0.01) leftward shift in the paired-pulse curve of synaptopodin 2/2 mice (quantified in Inset diagram). Sample traces show paired-pulse responses at 45 ms interstimulus interval. Note a suppression of the second spike amplitude in a 1/1 mouse and a facilitation in a 2/2 mouse. Inset diagram: The interpulse interval at which the amplitude of the second population spike exhibited 100% of the first population spike amplitude is shown for synaptopodin 2/2 and 1/1 mice. **P < 0.01. Calibration: 1 mV, 10 ms. Error bars: SEM.
perforant path inputs (feedforward inhibition) or indirectly by perforant path stimulation of granule cells (feedback/recurrent inhibition). To analyze this network inhibition in the DG of
synaptopodin-deficient mice, we performed PPI/PPDI tests at different interpulse intervals (Fig. 5) . PPI was reduced and PPDI occurred at shorter intervals resulting in a leftward shift Stimulus-response relationships in synaptopodindeficient mice. The slope of evoked field excitatory postsynaptic potentials (A) and the amplitude of population spikes (B) over a range of stimulation intensities for synaptopodin 2/2 (n 5 19) and 1/1 mice (n 5 24). Sample responses at maximum stimulation intensity (20 V) are displayed as Inset (A). Stimulus-response data were fitted using a Boltzmann equation from which maximum slope of the fEPSP and maximum population spike were determined (diagrams on the right in A and B). Note a significant increase in maximum spike amplitude in 2/2 mice. **P < 0.01. (C) Relationship between fEPSP slopes and population spike amplitudes (E-S plot) for 2/2 and 1/1 mice. Calibration: 3 mV, 5 ms. Error bars, SEM.
in the PPI/PPDI curve of synaptopodin 2/2 mice relative to the wild-type curve. To quantify the curve shift, we fitted the data from each mouse using a Boltzmann equation and determined the interpulse interval at which the amplitude of the second population spike exhibited 100% of the first population spike amplitude. This interval was significantly reduced in synaptopodin-deficient mice (41.8 6 1.6 ls, n 5 15; P 5 0.005 vs. 1/1 mice, t-test) in comparison to wild-type littermates (47.3 6 1.1 ls, n 5 25, Fig. 5) . A comparable leftward shift of the PPI/PPDI curve could be observed also at lower stimulation intensities in synaptopodin 2/2 mice (data not shown, see methods). These data suggest that the lack of synaptopodin leads to an impairment of GABAergic inhibition within the DG circuit under adult in vivo conditions.
Stimulus-Response Relationships
We compared fEPSP slopes and population spikes amplitudes across a range of stimulation intensities (from subthreshold for population spikes to supramaximal) in synaptopodindeficient and wild-type littermates (Fig. 6) . The analysis of stimulus-response curves revealed a similar relationship between the stimulus intensity and the evoked fEPSP slope in mutants (n 5 19) relative to wild-types (n 5 24; Fig. 6A ). We observed no significant difference in the maximum fEPSP slope (1.49 6 0.07 mV in 1/1 and 1.45 6 0.06 mV in 2/2 mice, P 5 0.66, t-test, see methods) although higher slopes could be observed in the mutants versus wild-types at lower stimulus intensities (6-7 V). However, there was a significant difference in the relationship between the intensity of stimulation and the population spike amplitude (Fig. 6B) . The maximum population spike amplitude was enhanced in synaptopodin 2/2 mice (3.52 6 0.24 mV) as compared to wild-type mice (2.69 6 0.16 mV, P 5 0.005, t-test). We plotted fEPSP slopes against population spike amplitudes at each stimulus intensity (E-S plot, Fig. 6C ). Comparison of E-S plots revealed that in wildtypes and mutants the course of E-S curves was similar. However, in wild-type mice maximum spike amplitudes were smaller in comparison to knockout mice. The enhanced excitability of granule cells in synaptopodin-deficient mice indicates a possible impairment of feedforward and/or tonic inhibition in the DG circuit (Fig. 7) .
DISCUSSION
Synaptopodin-deficient mice lack both the spine apparatus in dendritic spines and the cisternal organelle in axon initial segments (Deller et al., 2003; Bas Orth et al., 2007) . To study the functional effects of the absence of these two organelles on synaptic plasticity and network excitability, we recorded DG granule cell activity following perforant path stimulation in vivo. Synaptopodin-deficient mice exhibited a decrease in the TBS-induced LTP of the fEPSP slope with respect to wild-type mice, whereas the LTP of the population spike was maintained at a similar level in both mutants and wild-types. In addition, mutant mice showed a reduced PPI of the population spike, a measure of GABAergic network inhibition. Furthermore, synaptopodin-deficient mice displayed changes in the relation between the intensity of stimulation and the population spike amplitude thus revealing an additional alteration in network excitability. Taken together, our data represent the first electrophysiological evidence that the deficit of synaptopodin leads to changes of synaptic plasticity and network properties in the DG in vivo. We suggest that the impaired LTP is associated with the lack of dendritic spine apparatuses, putative calcium stores. The altered PPI and input-output relationship of the population spike might be related to the lack of cisternal organelles in the axon initial segment, a target of GABAergic inhibition (Fig. 7) .
Long-Term Potentiation is Impaired in Synaptopodin-Deficient Mice
We observed an impairment of the fEPSP slope LTP induced by the TBS in synaptopodin-deficient mice (Fig. 3) indicating that synaptopodin is involved in the regulation of long-term synaptic plasticity. This result is in line with previously published in vitro data in the CA1 region (Deller et al., 2003) . Whereas, successful potentiation of fEPSPs could be induced in both wild-types and synaptopodin-deficient littermates, mutant mice showed a significantly decreased initial potentiation. Long-term synaptic potentiation was stable but weaker in synaptopodin knockout mice. The presence of nondecremental LTP in synaptopodin mutants (Fig. 3) suggests that the spine Simplified dentate gyrus network. TBS or tetanus stimulation induces LTP at perforant path-granule cell synapses. Double-pulse perforant path stimulation recruits feedforward (PP ? ChC/BC ? GC) and feedback inhibition (PP ? GC ? ChC/BC ? GC) which is thought to be responsible for the paired-pulse inhibition of the population spike. Our data suggest that the impaired LTP (Fig. 3A) is associated with the lack of dendritic spine apparatuses (yellow, SA), putative calcium stores. The altered paired-pulse inhibition (Fig. 5 ) and stimulus-response relationship (Fig. 6B ) might be related to the lack of cisternal organelles (yellow, CO) at the axon initial segment, a target of GABAergic chandelier cells. PP: perforant path, GC: granule cell, BC: basket cell, ChC: chandelier (axo-axonic) cell (axon of ChC targets the axon initial segment of GC).
apparatus contributes mainly to the regulation of LTP induction and its early expression. However, we do not rule out the possible involvement of synaptopodin in later LTP phases as suggested by previous studies (Yamazaki et al., 2001; Fukazawa et al., 2003; Okubo-Suzuki et al., 2008 ; see also Jedlicka et al., 2008) . The unimpaired potentiation of population spikes after the TBS in mutants might be related to changes in network excitability (see below). In contrast to the TBS, following the tetanic stimulation no significant LTP differences between synaptopodin-deficient and wild-type mice could be observed at DG granule cells under in vivo conditions (Fig. 2) . Interestingly, both theta-burst and tetanus stimulation in the CA1 region resulted in impaired LTP in synaptopodin-deficient mice in vitro (Deller et al., 2003) . Of note, the TBS and the tetanus protocol performed in our study have been previously used at the perforant path-granule cell synapse in mice in vivo (Freudenthal et al., 2004; Cooke et al., 2006) . Whereas tetanus stimulation reflects a weak stimulation with a total of 60 pulses (4 3 15 pulses at 200 Hz), the TBS protocol represents a considerably more intense stimulation with a total of 216 pulses (6 3 6 3 6 pulses at 400 Hz) resulting in a stronger initial potentiation of fEPSP slopes and population spikes (Figs. 2  and 3 ). Moreover, TBS mimics the pattern of slow theta (3-7 Hz) rhythm of hippocampal activity which occurs during exploratory behavior of animals and causes long-lasting synaptic changes (Larson and Lynch, 1988) . Thus, TBS simulates physiological patterns of afferent activity and therefore might be more suitable to dissect mechanisms of synaptic plasticity in vivo (Stäubli et al., 1999) . Evidence from the CA1 region suggests that TBS-LTP is highly dependent on BDNF signaling and sensitive to perturbations of early F-actin polymerization (Kang et al., 1997; Chen et al., 1999; reviewed in Bramham and Messaoudi, 2005; Rex et al., 2007) . Similarly, LTP in the rat DG involves a rapid and sustained increase in F-actin content at perforant path synapses (Fukazawa et al., 2003; Messaoudi et al., 2007) . TBS activates actin regulatory pathways and rapidly polymerizes actin in dendritic spines of hippocampal neurons (Lin et al., 2005; Chen et al., 2007) . Since the actin-associated protein synaptopodin may be involved in actinrelated cascades regulating synaptic plasticity (Jedlicka et al., 2008; Okubo-Suzuki et al., 2008, see below) , TBS could be a sensitive stimulation protocol to detect LTP changes in synaptopodin-deficient synapses. Furthermore, TBS might evoke physiological LTP-inducing calcium dynamics changes which may be perturbed in spines lacking the spine apparatus. In summary, synaptopodin 2/2 mice exhibit defects in LTP following TBS, but not tetanus stimulation of the perforant pathway.
Interestingly, it has been shown that synaptopodin specifically interacts with a-actinin and thereby bundles and elongates a-actinin-induced actin filaments (Asanuma et al., 2005; Kremerskothen et al., 2005) . Recent studies suggest that activitydependent changes in the actin cytoskeleton and its associated proteins play a crucial role in structural synaptic plasticity (Fukazawa et al., 2003; Ouyang et al., 2005; Kramar et al., 2006; Chen et al., 2007; Messaoudi et al., 2007) . Thus, synaptopodin may be involved in actin-associated synaptic changes that occur after LTP induction (Okubo-Suzuki et al., 2008) . In addition, synaptopodin is essential for the formation of the spine apparatus (Deller et al., 2003) . It has been proposed that the spine apparatus is involved in two synaptic plasticity-related processes Jedlicka et al., 2008) : (1) in regulation of local calcium trafficking (Fifkova et al., 1983; Sharp et al., 1993; Korkotian and Segal, 1998) , and (2) in local protein synthesis or the posttranslational modification of proteins (Pierce et al., 2000 (Pierce et al., , 2001 Steward and Schuman, 2001; Sytnyk et al., 2004) . Taken together, we suggest that the impaired LTP in synaptopodin-deficient mice is associated with the lack of dendritic spine apparatuses.
Since the induction of potentiation at excitatory synapses depends on the level of postsynaptic depolarization during high frequency stimulation (Bliss and Collingridge, 1993) , LTP is modulated by levels of GABAergic inhibition in hippocampal networks (Nosten-Bertrand et al., 1996; Hollrigel et al., 1998; Saghatelyan et al., 2001; Kleschevnikov et al., 2004; Nikonenko et al., 2006) . We found impaired paired-pulse suppression of population spikes at short interstimulus intervals (Fig.  5) indicative for a reduced GABAergic inhibition mediated by local interneurons in the dentate circuit (Sloviter, 1991; Sayin et al., 2003) . The decreased inhibition might explain the unchanged LTP of population spikes found in mutant mice (Fig. 3B ). In the case of impaired feedforward inhibition, a given excitatory input will result in a greater excitation of the granule cell firing. This increase in excitability is shown as a leftward shift in the population spike curve. Thus, even though LTP of the fEPSP slope is impaired, the excitability of the granule cells to perforant path input is maintained in the synaptopodin-deficient network (Figs. 3B and 6C ).
Local Network Inhibition is Reduced in Synaptopodin-Deficient Mice
We found changes in the PPI and PPDI in synaptopodin-deficient mice. Mutant mice displayed a left-shift of the inhibition curve (Fig. 5) . PPI of the population spike at short interstimulus intervals is a measure of GABAergic inhibition of granule cells through basket cells, axo-axonic cells and other local GABAergic interneurons in the dentate circuit ( Fig. 7 ; Sloviter, 1991) . It is thought to be mediated mainly by GABAergic recurrent inhibition in the feedback circuit from granule cells to interneurons and back to granule cells (Andersen et al., 1963; Sloviter, 1991; Sayin et al., 2003) . PPDI of the population spike is attributable to a decrease of the summation of inhibitory currents at long interstimulus intervals. In addition, PPDI is mediated by GABA B autoreceptor-induced decrease of GABA release from inhibitory terminals (Steffensen and Henriksen, 1991; Mott and Lewis, 1992; Lambert and Wilson, 1994; Brucato et al., 1995) . The leftward shift of the PPI/PPDI curve suggests that in synaptopodin-deficient animals the GABA A receptor mediated recurrent inhibition is reduced. Based on the proximity of GABAergic terminals and cisternal organelles at axon initial segments, an inter-esting hypothesis has been proposed that the cisternal organelle might play a regulatory role in GABAergic transmission at the axon initial segment (Benedeczky et al., 1994 ; see also Steward and Schuman, 2001 ). An increase in intracellular calcium has been reported to enhance GABA A receptor mediated transmission (Llano et al., 1991) . Benedeczky et al. (1994) have suggested that in the axon initial segment, calcium may regulate GABA A receptors in a similar manner. Thus, the altered PPI in synaptopodin-deficient mice might be explained by the lack of cisternal organelles at the axon initial segment, a target of GABAergic inhibition. To elucidate the precise mechanism of the altered network excitability in synaptopodin 2/2 mice, GABAergic transmission needs to be studied in detail in vitro.
Excitatory Synaptic Transmission is Unaltered in Synaptopodin-Deficient Mice
No difference of the PPF of fEPSPs was observed between mutant and wild-type mice in vivo indicating that the lack of synaptopodin leaves short-term presynaptic plasticity intact (Fig. 4) . Analysis of the stimulus-response curve of the perforant path input to granule cells revealed no significant changes in the relationship between the stimulus intensity and the maximum fEPSP slope (a measure of the strength of excitatory synapses) in synaptopodin-deficient mice (Fig. 6A) . Thus, presynaptic short-term plasticity and basal synaptic transmission appear to be unaltered at excitatory perforant path-granule cell synapses of mutants. Similar results have been obtained in vitro in the hippocampal subfield CA1 (Deller et al., 2003) .
Interestingly, there was a difference in the relation between the intensity of stimulation and the population spikes amplitude (Fig. 6B) . The maximum population spike amplitude was increased in synaptopodin 2/2 mice relative to wild-types. This might be a consequence of an impaired feedforward and/ or tonic GABAergic inhibition in the dentate circuit of synaptopodin-deficient mice. An alternative mechanism could be an enhanced intrinsic excitability of granule cells due to changes of voltage-gated ionic conductances. However, in vitro patchclamp recordings did not show any changes of action potential threshold or firing pattern in granule cells of synaptopodin-deficient animals (Bas . Thus, the change of the population spike input-output relationship seems to be due to a change of network inhibition.
In conclusion, using in vivo extracellular recordings, we demonstrate that lack of synaptopodin leads to an impairment of LTP and altered network excitability in the DG of adult mice.
